We report highly sensitive organic photodiode by introducing a buffer layer between the anode and the semiconductor layer. The effects of buffer layers consisting of a self-assembled monolayer (SAM), PEDOT:PSS, and pentacene on the morphology and crystallinity of the upper-deposited semiconductor layer of a solution-processed small molecule bulk heterojunction are carefully analyzed combined with electrical anlaysis. The active layer is controlled to be nearly homogeneous and to have low crystallinity by using SAM or PEDOT:PSS buffer layers, whereas a highly crystalline morphology is realized by using the pentacene buffer layer. When exposed to light pulses, the external qunatum efficiency and thus the photocurrent are slightly higher for the PEDOT:PSS-based photodiode, however the dark current are lowest for the pentacene-based photodiode. We discuss the origin of the high sensitivity (detectivity of 1.3 ×10 12 Jones, linear dynamic range of 95dB) of the pentacenebased photodiode, particularly in terms of the morphology-driven low dark current.
Introduction
Complementary metal-oxide-semiconductor (CMOS) image sensors are rapidly replacing charge-coupled device (CCD) image sensors in imaging applications because of their high resolution and high speeds. 1 The spatial resolution of CMOS image sensors is proportional to the size of a pixel, or to the number of pixels for a given sensor size. 2 Recent technology provided a 1.4 µm pixel size in a 14 megapixel image sensor and even sub-µ pixels is also being investigated. 2,3 Nonetheless, high-end video imaging applications such as ultrahigh definition television require further decreases in pixel size and therefore even higher resolution and higher data rates. However, the detectivity of a photodiode in a pixel decreases rapidly with the size of the photodiode. 4 Although smart device engineering such as backside illuminating technology can provide a partial solution in the form of a small pixel photodiode, 5 the ultimate solution would be to design a new type of photodiode with much higher sensitivity.
One of the major drawbacks of conventional Si photodiodes is that they do not have color selectivity and therefore R/G/B color filters must be inserted, which limits the integrity of the pixels. 6 Organic molecular semiconductors have absorption ranges that can easily be tuned by chemical modification and so are attractive candidates for these applications because they can be stacked in a tandem diode that can sequentially detect R/G/B with a much smaller pixel size. Recently, there have been many successful demonstrations of organic photodiodes with relatively high detectivities. [6] [7] [8] [9] [10] [11] [12] Most of these studies have focused either on increasing the photocurrent by adding nanocrystals as sensitizers 7,8 or on decreasing the dark current (and thus the shot noise current) by inserting an electron/hole blocking layer 9,10 in order to enhance the overall detectivity of the organic photodiode. However, there have been few systematic studies of the effects of morphological/structural changes in the organic active layer on the performance of the organic photodiode, especially for solution-processed small molecule organic semiconductors.
In this report, we used the well-known small molecule semiconductor, 13 7,7′-(4,4-bis(2- [1, 2, 5] thiadiazole), p-DTS(FBTTh 2 ) 2 , as a p-type semiconductor and PC 71 BM (PCBM) to fabricate the bulk heterojunction (BHJ) photoactive layer. Three different buffer layers were introduced between the anode and the p-DTS(FBTTh 2 ) 2 :PCBM BHJ layers: PEDOT:PSS, a hexamethyldisilazane (HMDS) self-assembled monolayer (SAM), and pentacene. PEDOT:PSS was introduced because it is the hole transport layer (HTL) most widely used in organic photovoltaic devices to smoothen the rough surface of ITO and to align the work functions of ITO and the p-type semiconductor. 14 The SAM was tested because it can be used to tune the interfacial energy level and the morphology of an upperdeposited active layer. 15 Pentacene buffer layer can provide a more favorable interface with the active layer because of their similar surface energies and therefore can minimize the number of charge trapping states at the anode/active layer interface, which is critical to minimizing the transit-time spread of the photodiode. (See the Supporting Information) Furthermore, the photodiode operates in reverse saturation mode, so electron injection from the anode to the active layer can be an important source of dark current, which ultimately limits signal-to-noise ratio. Thus, pentacene can act as a better buffer layer than other materials because of its larger electron injection barrier 16 as well as its lower electron mobility. At the same time, we also need to note that pentacene does absorb in the visible range and therefore will have negative effects on the quantum efficiency and thus the photocurrent. However, if its effects on the dark current and the dynamic behavior of the photodiode outweigh the loss of photocurrent, the insertion of a pentacene buffer layer could still be useful for commercial organic photodiodes. In this study, we found that the pentacene Page 5 of 20 Physical Chemistry Chemical Physics
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buffer layer assists the organic photodiode to operate under low dark current. By performing a morphological/structural analysis combined with electrical analysis, we show that the pentacene buffer layer dramatically suppress dark current and thus enabling the conversion of very weak light into photocurrent. As a result, specific detectivities up to 1.3×10 12 Jones and a linear dynamic range (LDR) up to 95 dB were demonstrated with a solution-processed organic molecular photodiode. Figure   1 (c). The high dark current of the HMDS diode can be attributed to its very low thickness, which is not sufficient to suppress electron injection from the anode to the BHJ layer in the reverse saturation mode. Other SAMs, such as OTS or ODTS, produced very similar results.
Results and Discussion
The PEDOT:PSS-based diode and the pentacene-based diode exhibit reasonable rectification ratios at V=±1 V, 10 4 and 10 5 respectively. Under the reverse bias, the dark current of these diodes can be attributed to the electron injection from ITO to the active layer and therefore the smaller dark current in the reverse saturation regime in the case of the pentacene-based diode originates partially from the lower conductivity of pentacene and partially from the larger electron injection barrier compared to PEDOT:PSS, as depicted in Figure 1(d) .
To further corelate the dark I-V characteristics with morphology of the active layer, we performed atomic force microscopy (AFM) and grazing incident X-ray scattering (GIXS) analyses. Figure 2 PEDOT:PSS and pentacene buffer layers, one can see that not only the absolute value of dark current but also its deviation is lower for the pentacene diode than for the PEDOT:PSS diode, which implies that the noise current is also suppressed in pentacene buffered device. Figure   4 
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level issues the PEDOT:PSS diode exhibits the highest responsivity, over 30 mA/W, because the photocurrent is highest in the PEDOT:PSS diode. Actually, apart from dark current issue, PEDOT:PSS diode resulted in the highest external quantume efficiency over 50% in the range of 500-620 of light wavelength, which is 20% higher than that of pentacene diode as shown in Figure 5 . The higher quantum efficiency and thus higher photocurrent in PEDOT:PSS diode can be understood from morphology of the active layer. As described in the section of morphology, p-DTS(FBTTh 2 ) 2 :PCBM active layer formed very finely separated morphology on the PEDOT:PSS buffer layer and therefore charge separation could be more efficient compared to the case of the active layer formed on pentacene buffer layer.
In other words, one can say that the effect of pentacene buffer layer is actually suppressing dark current by compromising quantum efficiency. When assuming that the shot noise from the dark current is the dominant contribution, the figure of merit of photodiode can be expressed as where q is the absolute value of the electron charge (1.6 × 10 −19 Coulombs), and J d is the dark current density. Under illumination at λ = 650 nm with an intensity of 74 µW cm -2 , PEDOT:PSS and pentacene diodes exhibited D* of 1.1 × 10 11 Jones and 1.3 × 10 12 Jones, respectively. Especially, the pentacene diode showed detectivity greater than 10 11 Jones at almost all the visible range. These results demonstrate that the effect of dark current suppressing by pentacene buffer layer overweight the decrease in quantum efficiency.
Therefore, we argue that the morphology control of BHJ films using strategically engineered buffer layer can be an efficient strategy for achieving highly sensitive organic photodiodes.
Another important parameter for photodiodes is the linear dynamic range (LDR), which reflects the dynamic range of an photodiode under varying light intensity. LDR is calculated where j ph * is the photocurrent measured at a light intensity of 1 mW/cm 2 and j d is the dark current. According to this relation, the LDR of the pentacene-based diode is ~ 95 dB, which is close to the best reported values for organic photodetectors and higher than those of other inorganic photodetectors such as InGaAs and GaN. 9,10 A plot of the photocurrent versus the light intensity for our photodiode is shown in Figure 6 .
Conclusion
In summary, we have demonstrated high performance solution-processed small molecule photodetectors. Small molecule semiconductors have the advantage over polymer semiconductors that the absorption edge can be tuned by adjusting their chemical structure, which means they are better candidates for color-selective photodiodes. Solution-deposited organic molecular semiconductors are directly affected by the surface properties of the substrate because of their low molecular weight, so we could control the interface between the anode and the small molecule BHJ layer by inserting various buffer layers. When pentacene was used as the buffer layer, a large terrace-like morphology was generated in the BHJ layer, which was found to suppress electron injection from ITO while enhance hole transport in the active layer compared with the other buffer layers, for which only featureless morphologies were observed. The resulting low dark current of the pentacene photodiode enahbled very dynamic photodiode performance. The highest obtained values for the specific detectivity and the LDR were 1.3×10 12 Jones and 95 dB respectively.
Experimental Section
General Measurements: UV-Vis absorption spectra were obtained by using a Cary 5000 
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